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Earlier studies have suggested that cystatin C (CysC) is a
target for intervention in neurological disorders because
its expression increases in response to brain insults, in
human neurological disorders, and in animal models of
neurodegenerative states. However, these studies did
not clarify whether CysC up-regulation is a pathogenic
factor in neurodegenerative disorders or whether it rep-
resents a neuroprotective compensatory response of the
organisms aimed to prevent progression of the disease.
Recent reports have shown that CysC protects neuronal
cells from toxic insults induced by a variety of stimuli in
vitro," suggesting that therapeutic approaches aimed to
either increase the levels of CysC or to mimic its action
could be beneficial in neurological disorders. However,
the in vivo relevance of these findings remained unclear.
In this issue of the journal, the article by Kaur et al®
presents for the first time results supporting the in vivo
efficacy of CysC as a neuroprotective protein.

Unverricht-Lundborg disease (progressive myoclonic
epilepsy type 1 [EPM1]), caused by autosomal recessive
loss-of-function mutations in the gene encoding cystatin
B (CysB, also known as Stefin B),® is the most common
cause of progressive myoclonus epilepsy worldwide.®®
EPM1 is relatively frequent in the western Mediterranean
region but is most prevalent around the Baltic Sea. Itis a
neurodegenerative disorder with age of onset from 6 to
16 years, characterized by stimulus-sensitive myoclonus
and tonic-clonic epileptic seizures. Ataxia, loss of coor-
dination, and tremor develop several years after the onset
of the disease. Individuals with EPM1 are mentally alert
but show depression and mild decline in intellectual per-
formance over time.® Cerebellar atrophy and motor cor-
tex degeneration are largely responsible for the loss in
equilibrium, correlating with the motor symptoms of the
disease.” The diagnosis of EPM1 is confirmed by identi-
fying disease-causing mutations in the CysB gene.

The CysBKO mouse is an established EPM1 model with
clinical symptoms similar to those of patients with EPM1. In
CysBKO mice, cerebellar granule cells® and neurons within

the hippocampal formation and entorhinal cortex degener-
ate,® suggesting that CysB is a physiological regulator of
normal survival of certain neuronal populations and provid-
ing a direct explanation for the causes of neuronal degen-
eration in EPM1. Thus, understanding the mechanisms by
which loss of CysB leads to neuronal degeneration in mice
will shed light on the biochemical and cellular mechanisms
leading to EPM1, thereby providing a rational for therapeu-
tic targets. The efficacy of therapeutic strategies can indeed
be tested in this particular model for EPM1.

Cystatins have been implicated in the processes of
neuronal degeneration and repair of the nervous sys-
tem."'® Both CysC and CysB are potent, reversible inhib-
itors of most of the currently known cathepsins. Cathep-
sins are proteinases required for housekeeping functions
during protein turnover that differ in structure, substrate
specificities, and biochemical characteristics.'! The cys-
tatins effectively block these catalytically active protein-
ases; thus, the extent of proteolytic activity at any given
time and location is the result of a balance between
active proteases and physiological inhibitors. Any abnor-
mal variation in levels and/or activity of either proteases
or their endogenous inhibitors will result in deregulation of
these enzymatic activities causing pathological changes
(for review, see ref. 12). Uncontrolled proteolysis as a
result of imbalance between active proteases and their
endogenous inhibitors has been associated with neuronal
cell death in different neuronal diseases, including brain
tumors, stroke, some forms of epilepsy, Alzheimer’s dis-
ease, and neurological autoimmune diseases.'? Indeed,
recent data suggest that reduced proteolytic activity,
caused by mutations in the familial Alzheimer’s disease
gene PST, inhibit autophagy and promote neuronal
degeneration. ™

In other instances, pathogenic mutations may cause
neurodegeneration by increasing proteolytic activities.
EPM1 seems to be a prime example of this situation,
because it is caused by loss of function mutations in the
protease inhibitor CysB gene, and data suggest that
increased proteolysis by lysosomal cathepsins is respon-
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sible for phenotypic characteristics of EPM1.74-'% This
hypothesis is supported by evidence that deletion of
cathepsin B in CysBKO mice resulted in a reduction in
the amount of cerebellar granule cell apoptosis, depend-
ing on mouse age.'®

Cathepsins are activated at low pH (~4.2) and are
mainly active in lysosomes, although some reports show
that cathepsins can also be found in extracellular com-
partments. CysB, a member of the cystatin family 1 of
cysteine protease inhibitors, is diffusely distributed in the
cytoplasm of all cell types'® and is present, albeit at low
levels, in body fluids."” Kaur et al® show that intracellular
CysB is mainly present in lysosomes, further supporting
the model implicating CysB as a physiological inhibitor of
activity of cathepsins. CysC belongs to the type 2 family
of cystatins and is targeted extracellularly via the secre-
tory pathway.'® Accordingly, CysC is found in all mam-
malian body fluids and tissues (for review, see ref. 18).
However, extracellular CysC is in part internalized via
endocytosis. Through the endocytic compartment, CysC
is targeted to the lysosomal system where it can function
as an inhibitor of cathepsin activities.'?

Based on earlier evidence, Kaur et al® asked whether
CysC exerts a neuroprotective activity in vivo as a result of
its ability to inhibit the activity of lysosomal cathepsins.
First, the authors found a pronounced increase in CysC
expression level in CysBKO mice compared with that in
wild-type mice. As previously stated, enhanced CysC
expression occurs in human patients with epilepsy and
animal models of neurodegenerative conditions, as well
as in response to injury (for review, see ref. 12). Thus,
up-regulation of CysC expression in EPM1 mice could
represent an intrinsic neuroprotective mechanism that
counteracts progression of the disease, an attempt to
rescue neurons by inhibiting the apoptosis-promoting ac-
tions of cathepsins in various vesicular domains, in the
cytosol, and in the extracellular space. This hypothesis
was tested by Kaur et al® by crossing CysBKO mice with
either mice overexpressing CysC or CysCKO mice. They
demonstrate that CysC overexpression has widespread
positive effects on the pathologies observed in CysBKO
mice. CysBKO/CysC transgenic mice present reduced
cerebellar granule cell loss and gliosis compared with
CysBKO animals. As a result, CysC improved motor co-
ordination and reduced the extent of imbalance present
in EMP1 mice. On the contrary, ablation of CysC expres-
sion had an opposite effect: cortical and cerebellar neu-
rodegeneration, cerebellar atrophy, and other patholo-
gies are more pronounced in CysKO/CysBKO mice than
in CysBKO animals. Although the worsening of disease in
CysKO/CysBKO mice underscores the role of endoge-
nous CysC in containing the EMP1 pathology, the bene-
ficial effects of CysC in preventing anatomical (cerebellar
atrophy, neuronal loss, and gliosis) and clinical (motor
coordination) pathologies suggest that CysC could be an
efficacious therapeutic agent to alleviate behavioral and
physiological deficits present in EPM1.

Increased mRNA, protein, and enzymatic activity lev-
els of the two lysosomal enzymes cathepsins B and D in
the cortex and cerebellum of CysBKO mice suggest that
CysB deficiency causes lysosomal dysfunction and cell

damage, resulting in neurodegeneration.? This impair-
ment was reversed by CysC overexpression as demon-
strated by decreased cathepsin B and cathepsin D ac-
tivities in the brains of CysBKO/CysC mice compared
with those of CysBKO mice. Whereas it is convincingly
demonstrated that CysC effectively counteracts the pa-
thologies in CysBKO mice, none of the pathologies stud-
ied recovered to wild-type control levels by overexpres-
sion of CysC in CysBKO mice. This partial effect could be
explained by a toxic outcome of high CysC levels in the
brains of CysBKO/CysC mice, because localized very
high CysC concentrations may be neurotoxic, as sug-
gested by the observation that CysC injection into rat
hippocampus caused neuronal degeneration in the site
of the injection.’ In CysBKO/CysC mice, the combina-
tion of CysC overexpression with the endogenously ele-
vated CysC levels present in CysBKO animals may lead
to localized toxic concentrations of CysC. On the other
hand, it is possible that CysC cannot completely com-
pensate for CysB loss of function. CysB is mainly local-
ized in lysosomes, where cathepsins are active. CysC is
instead secreted, and endocytosis of extracellular CysC
transports only a fraction of CysC to lysosomes. There-
fore, the levels of lysosomal CysC may be insufficient to
normalize cathepsin activity in CysBKO/CysC transgenic
mice. Thus, strategies to more efficiently target CysC to
lysosomes may improve the effectiveness of CysC (or
mimics) in the prevention of neurodegeneration in EPM1.

Patients with EPM1 require lifetime clinical follow-ups,
extensive drug-based therapy, and ample rehabilitation.
Anti-epileptic treatments are currently used as therapeu-
tic interventions in patients with EPM1. Valproic acid, the
first drug of choice, diminishes myoclonus and the fre-
quency of generalized seizures. Clonazepam and high-
dose piracetam are used to treat myoclonus, and leveti-
racetam seems to be effective for both myoclonus and
generalized seizures. There are a number of agents that
intensify the clinical course of EPM1, such as phenytoin,
aggravating the associated neurological symptoms
or even accelerating cerebellar degeneration. Sodium
channel blockers (carbamazepine and oxcarbazepine)
and GABAergic drugs (tiagabine and vigabatrin) as well
as gabapentin and pregabalin aggravate myoclonus and
myoclonic seizures. Almost all types of anti-epileptic
agents aggravate associated neurological symptoms,
accelerating cerebellar degeneration (for review, see ref.
6). Long-term side effects of anti-epileptic drugs can be
avoided if restorative strategies are used.

The findings by Kaur et al® indicate that CysC is neu-
roprotective in EPM1, imply that CysC, or a CysC-mim-
icking analog, if used at optimum concentrations could
be a therapeutic candidate with a potential of preventing
neurodegeneration. In addition, this work has strong im-
plications for other age-related neurodegenerative disor-
ders in which lysosomal dysfunction plays a considerable
role.?® Currently, treatment of many neurodegenerative
disorders involves only symptomatic interventions. CysC
may gain clinical relevance for such neurological disor-
ders, e.g., Alzheimer’s disease, for which no preventive
or curative drugs exist.
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